Introduction
============

The type VI secretion system (T6SS) is found in more than 25% Gram-negative bacteria and used to inject toxic proteins into prokaryotic or eukaryotic cells ([@bib44]). Initially, the T6SS was assigned a role in virulence and eukaryotic cell manipulation ([@bib63]; [@bib69]). Further analyses showed that this system has a key role in inter-bacterial competition ([@bib44]). It provides selective advantages to producer strains by annihilating competitors either in an indiscriminate manner or in response to danger signals ([@bib46]; [@bib7]; [@bib44]; [@bib38]). The T6SS toxins are usually produced together with immunity proteins that prevent self-intoxication. In molecular terms, the T6SS displays structural similarities with the tail and the puncturing device of the bacteriophage T4 ([@bib58]; [@bib31]; [@bib18]). It is composed by 13 core components of which some have now been assigned clear functions ([Figure 1a](#fig1){ref-type="fig"}). TssB and TssC form a contractile sheath that encases a tube formed by rings of Hcp hexamers ([@bib56]). A puncturing device made up of a trimeric VgrG spike is placed on top of the Hcp tube and crowned with a PAAR protein ([@bib18]; [@bib87]). The cytosolic part of the T6SS docks onto a membrane complex (TssLMJ) probably by interacting with a phage baseplate-like structure ([@bib29]; [@bib32]; [@bib76]). On contraction of the TssBC sheath, the T6SS effectors are propelled out of the bacterium together with the Hcp and VgrG proteins and delivered into prey cells ([@bib8]). Finally, the ClpV ATPase binds the contracted sheath for disassembly and recycling, enabling another round of injection ([@bib50]; [@bib54]). The T6SS is usually quite modular and can accommodate different combinations of VgrG/PAAR proteins to form the tip. This modularity allows the delivery of a great variety of effectors ([@bib87]; [@bib38]; [@bib100]). Alternatively, the effectors can also be ushered in and delivered by the tube-forming Hcp protein ([@bib88]). Thus, a wide variety of effectors with a broad range of activities can be secreted by a single T6SS. T6SS effectors have been classified into specialized and cargo effectors ([@bib23]). Specialized effectors are domains, usually at the C-terminus of specific T6SS structural components that are coined as 'evolved\' VgrG, PAAR or Hcp proteins. In contrast, cargo effectors interact non-covalently with 'canonical\' VgrG, PAAR or Hcp proteins ([@bib28]). Several cargo effectors carry a motif named MIX (marker for type six effectors) that is proposed to be required for recognition and direct interaction with VgrG or PAAR proteins ([@bib83]). Specific adaptors such as Tap/Tec and EagR proteins are likely to facilitate the interaction between the structural components of the T6SS tip and the effectors ([@bib1]; [@bib60]; [@bib93]). Finally, accessory elements (named *tag* from T6SS accessory genes) are required to modulate the assembly of the system and/or confer additional functions ([@bib13]).

The T6SS was first identified in two pathogenic bacteria, *Vibrio cholerae* and *Pseudomonas aeruginosa* ([@bib72]; [@bib77]) and analyzed later in many other pathogens ([@bib91]; [@bib26]; [@bib15]; [@bib73]; [@bib79]; [@bib61]). However, analytical description of T6SS in non-pathogenic bacteria is underrepresented in the literature ([@bib11]; [@bib66]), despite an even distribution in both classes of organisms ([@bib13]). *Pseudomonas putida* is a saprophytic soil bacterium that has the capacity to colonize the root of crop plants ([@bib30]; [@bib70]). It is a well-established biocontrol agent that provides growth advantages to the plant ([@bib97]). In this study we identified and characterized the *P. putida* T6SS, which exhibits great variety and complexity both in terms of apparatus and secreted toxins. We showed that this secretion system is used by the bacterium to drive killing of resilient phytopathogens and appears to be a major factor in its biocontrol portfolio.

Materials and methods
=====================

Bacterial strains and growth conditions
---------------------------------------

Bacterial strains are listed in [Supplementary Table S1](#sup1){ref-type="supplementary-material"}. *P. putida* mutants were constructed by allelic exchange as described previously ([@bib95]). Briefly, 750 bp DNA fragments upstream and downstream the gene to be deleted were amplified using KT2440 genomic DNA. Mutator fragments were obtained by overlapping PCR, cloned into pCR-BluntII-TOPO (Invitrogen, ThermoFisher Scientific, Loughborough, UK), sequenced and subcloned into the pKNG101 suicide vector ([@bib49]). A similar approach was used to replace the wild-type *tke2* gene with *tke2*-V5 encoding a C-terminally virus 5 (V5)-tagged Tke2 protein. The *hcp1*-HA gene encoding a C-terminal hemagglutinin (HA)-tagged Hcp1 protein was introduced on the chromosome using the miniCTX transposon ([@bib45]). Insertions and gene replacements were confirmed by PCR. All strains were grown in lysogeny broth (LB; [@bib84]). For secretion assays, tryptone soya broth medium (Oxoid, ThermoFisher Scientific, Loughborough, UK) was used. *Escherichia coli* was incubated at 37 °C, and *P. putida* and the phytopathogens at 25--30 °C. Antibiotics were used at (μg ml^−1^): ampicillin, 100; gentamycin, 20; kanamycin, 50; piperacillin, 25; rifampicin, 20; streptomycin, 100; tetracycline, 50.

Plasmids and cloning
--------------------

Plasmids are described in [Supplementary Table S1](#sup1){ref-type="supplementary-material"} and primers listed in [Supplementary Table S2](#sup1){ref-type="supplementary-material"}. PCR amplifications were performed using Phusion Hot Start High-Fidelity (Finnzymes, ThermoFisher Scientific, Loughborough, UK), KOD Hot Start (EMD Millipore, Watford, UK) or Taq (Roche, Burgess Hill, UK) DNA polymerases. Recombinant plasmids were sequenced and transferred to *P. putida* by electroporation ([@bib20]) or conjugation ([@bib78]).

Bioinformatic analyses
----------------------

*Pseudomonas* sequences were obtained from the Pseudomonas Genome database ([@bib102]). BLASTP analyses were performed at the NCBI website ([@bib12]) and amino acid sequence searches using SMART ([@bib59]) and Pfam ([@bib33]). The Protein Homology/analogy Recognition Engine (Phyre2) server was used to perform structural-base homology prediction ([@bib52]). The PyMOL Molecular Graphics System (Version 1.8 Schrondinger, LLC, Cambridge, UK) was used to build structural alignments. The phylogenetic tree was constructed using MEGA6 ([@bib92]). PSORTb software and SOSUI GramN server were used to predict sub-cellular location of proteins ([@bib48]; [@bib103]), TMHMM software to predict transmembrane domains ([@bib53]), and SignalP and SOSUIsignal to predict signal peptides ([@bib34]; [@bib75]). Synteny was analyzed using the CoGe\'s Genome Evolution tool ([@bib62]). The UGENE bioinformatics software was used to identify open reading frames (*orfs*; [@bib74]).

Secretion assays
----------------

Bacterial strains were grown in tryptone soya broth for 5 h at 30 °C and the extracellular fraction obtained and analyzed as previously described ([@bib39]). The proteins in the culture supernatants were precipitated with trichloroacetic acid and resuspended in 1 [M]{.smallcaps} of Tris-base and 4 × Laemmli buffer. Proteins were separated by SDS--polyacrylamide gel electrophoresis containing 8% or 15% (w/v) acrylamide and electro-transferred to nitrocellulose membranes. Immunodetection was performed using monoclonal antibodies directed against the influenza HA epitope (HA.11, Covance, Biolegend, London, UK) or the paramyxovirus of simian V5 epitope (Invitrogen, ThermoFisher Scientific). A monoclonal antibody against the β-subunit of the RNA polymerase (Neoclone, Biolegend, London, UK) was also used. The secondary antibody, horseradish peroxidase-conjugated rabbit anti-mouse (Sigma Aldrich, Gillingham, UK), was detected using the SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific, Loughborough, UK). Blots were scanned and analyzed using the Image Reader LAS-3000 (Fuji, GE Healthcare, Little Chalfont, UK).

Growth inhibition assays
------------------------

Overnight LB cultures of *E. coli* DH5α harboring the vectors pNDM220 ([@bib35]), pBAD33 ([@bib37]) or derivatives encoding Tke2 or Tki2 were adjusted to OD~600~ of 0.1. Expression of *tke2* and *tki2* was induced with 0.2% (w/v) L-arabinose and 1 m[M]{.smallcaps} isopropyl β-D-1-thiogalactopyranoside, respectively.

Interbacterial competition assays
---------------------------------

*In vitro* competition assays were performed on LB plates as previously described ([@bib40]). Bacterial overnight cultures were adjusted to OD~600~ of 1 in PBS and mixed in a 1:1 ratio (*P. putida*-prey). Bacteria were co-cultured at 30 °C for 5 h (*E. coli*) or 24 h (phytopathogens). The competition was quantified by counting colony-forming units on antibiotic selection. At least three biologically independent experiments were performed. *In planta* competition assays were carried out by infiltration of bacteria into *Nicotiana benthamiana* leaves as described before ([@bib64]). Overnight cultures of *P. putida* and *Xanthomonas campestris* were adjusted to OD~600~ of 0.1 in PBS and mixed in a 1:1 ratio. Approximately 100 μl volume was infiltrated on the reverse of a 1-month-old leaf and the infiltration area marked. After 24 h of incubation in a plant chamber (23 °C, 16 h light), colony-forming units were determined. A section of the leaf from the infiltration area was cut out, homogenized in PBS and subsequently serially diluted. The leaves were visualized by fluorescence microscopy using a Leica M206FA stereomicroscope. Imaging was performed at room temperature with a × 1 objective. The evaluation of necrosis was based on the coloration of the leaves following previous standard evaluation of virulence that goes from no visible effects to changes in the tissue color of the leaf, which can shift from green to yellowish (chlorosis), yellowish to brownish and blackening of the leaf (necrosis), up to complete rotting of the leaf at later stages ([@bib51]). In our assay, the circled zones point at deep brown color area.

Results
=======

Genome-wide screening for T6SSs in *P. putida* species
------------------------------------------------------

*In silico* analyses of forty *P. putida* strains revealed that all encode T6SS genes and 90% of them have at least one cluster encoding a full set of T6SS components ([Supplementary Table S3](#sup1){ref-type="supplementary-material"}). The number of T6SS clusters in a single strain ranged from zero in *P. putida* BIRD-1 or H8234 to four in *P. putida* PA14H7, whereas most strains contained one or two clusters ([Supplementary Table S3](#sup1){ref-type="supplementary-material"}). In total, we identified 66 complete T6SS gene clusters distributed in three main phylogenetic clades ([Figure 2](#fig2){ref-type="fig"}). Following previous nomenclature ([@bib13]; [@bib6]), we referred to these three groups as 1.2, 2 and 4B. Eighty percent of the clusters belong to group 1.2 or 4B, whereas 10% are found in group 2 ([Figure 2](#fig2){ref-type="fig"}). Each of these groups contains distinguishable genetic architecture and features ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}), as described in the next section.

The reference strain *P. putida* KT2440 is equipped with three T6SSs
--------------------------------------------------------------------

We used the strain KT2440 to perform in-depth genomic analysis. In this strain, only five T6SS-related genes, that is, the *hcp* genes *PP2615* and *PP4082* or the *vgrG* genes *PP2614*, *PP3386* and *PP4049* are annotated (<http://pseudomonas.com/>). Using bioinformatics approaches (for example, BLASTP, Ugene or SMART) we identified a large number of T6SS-related *orf*s ([Supplementary Tables S4--S6](#sup1){ref-type="supplementary-material"}). Most of the genes fall into three clusters that we named K1-, K2- and K3-T6SS ([Figures 1b--d](#fig1){ref-type="fig"} and [Supplementary Tables S4 and S5](#sup1){ref-type="supplementary-material"}). Several *hcp* and *vgrG* orphan genes were also found scattered on the chromosome ([Figures 1b and e](#fig1){ref-type="fig"}, and [Supplementary Table S6](#sup1){ref-type="supplementary-material"}). Phylogenetic analysis showed that the K2- and K3-T6SSs are related (group 1.2, [Figure 2](#fig2){ref-type="fig"}), whereas the K1 cluster clades separately (group 4B, [Figure 2](#fig2){ref-type="fig"}).

K2 and K3 consist of two divergently transcribed gene clusters that contain 12 of the 13 genes encoding core T6SS components ([Figure 1d](#fig1){ref-type="fig"}). The missing core gene, *clpV*, encodes the ATPase required for disassembling the sheath ([@bib50]; [@bib54]), which is absent in all clusters belonging to group 1.2 (data not shown). Using the 'CoGe\'s Genome Evolution Analysis\' tool, we observed a synteny among the K2 and K3 clusters ([Figure 1d](#fig1){ref-type="fig"}). The identity of the corresponding proteins encoded within each of these clusters was remarkably high, ranging from 64 to 99% ([Supplementary Table S5](#sup1){ref-type="supplementary-material"}). These observations indicate that the two clusters may have arisen from a duplication event.

The K1 system is not related to K2 and K3, and belongs to the plant-related group (group 4B, [Figure 2](#fig2){ref-type="fig"}; [@bib13]). This cluster comprises two putative operons and an 'intermediate\' region ([Figure 1c](#fig1){ref-type="fig"}). The first operon contains 15 genes, 12 of which encode T6SS core components, and was named the structural operon ([Figure 1c](#fig1){ref-type="fig"}). The last core component gene, *vgrG*, is located within the second operon that was therefore named the VgrG1 operon ([Figure 1c](#fig1){ref-type="fig"}). Within the structural operon we found a previously undefined *orf*, *PP3090.1* encoding the accessory protein TagF1 ([Supplementary Table S4](#sup1){ref-type="supplementary-material"}). An ortholog of this protein was reported to function as a posttranscriptional regulator ([@bib89]). Another accessory gene encodes TagP1 ([Supplementary Table S4](#sup1){ref-type="supplementary-material"}), a TssM derivative whose C-terminal periplasmic portion carries a peptydoglycan-binding domain (pfam00691; [@bib5]). Finally, our analysis identified a novel T6SS feature represented by the first gene in the K1-T6SS structural operon, *PP3101.1*, *tagX1* ([Figure 1c](#fig1){ref-type="fig"} and [Supplementary Table S4](#sup1){ref-type="supplementary-material"}). The protein encoded by this gene has no homologs or recognizable features. It has not been assigned a role in the T6SS but is exclusively present in all clusters belonging to the 4B group (that is, *P. putida* and *Pseudomonas syringae*).

The K1-T6SS is functional and anti-bacterial
--------------------------------------------

Hcp release is dependent on the T6SS and is a reliable marker for assessing functionality of the system ([@bib77]). Therefore, we engineered *P. putida* strains producing an HA-tagged version of Hcp1 to assess K1-T6SS activity. TssA is a core baseplate component of the T6SS, is essential for T6SS activity ([@bib76]) and we used a *tssA* mutant to disable the *P. putida* K1-T6SS. We readily detected Hcp1 in the supernatant of wild-type cultures but not in an isogenic *tssA1* mutant ([Figure 3a](#fig3){ref-type="fig"}), thus establishing that the K1-T6SS is a functional secretion machine.

Several characterized T6SSs have anti-bacterial activity, resulting from the injection of T6SS toxins into bacterial preys ([@bib81]; [@bib23]). We performed competition assays using *E. coli* K12 as prey and *P. putida* wild type or T6SS mutants as predators. The *E. coli* prey harbors a plasmid that confers blue color to the colony in the presence of X-gal ([Figure 3b](#fig3){ref-type="fig"}). In a mixed culture, the *P. putida* wild-type strain was able to annihilate *E. coli*, whereas mutants in any of the K1-T6SS structural genes (*tssA1*, *tssL1*, *tssK1*, *tssG1*, *tssF1* or *tssE1*) were no longer outcompeting *E. coli* ([Figure 3b](#fig3){ref-type="fig"}). In contrast, mutants in the K2- or K3-T6SS clusters, *P. putida* Δ*tssM2* and Δ*tssM3*, respectively, still efficiently annihilated *E. coli* (data not shown). We concluded that K1 is the most active KT2440 T6SS *in vitro*, as under the laboratory conditions used here, and that its antibacterial activity may result from the secretion of T6SS effectors.

*P. putida* KT2440 encodes a wealth of T6SS bacterial effectors
---------------------------------------------------------------

Genes encoding putative T6SS effectors and cognate immunity proteins (effector--immunity (EI) pairs) are often linked to *hcp*, *vgrG* genes and/or genes encoding chaperones/adaptors ([@bib27]; [@bib38]; [@bib64]; [@bib60]; [@bib93]). Our *in-silico* analyses identified a total of 10 potential EI pairs, most of them encoded in the vicinity of *vgrG*/*hcp* genes and in some cases near genes encoding Tap or EagR adaptors ([Figures 1c--e](#fig1){ref-type="fig"} and [Supplementary Tables S4--S6](#sup1){ref-type="supplementary-material"}). These EI pairs have been named Tke and Tki for Type six KT2440 effector and immunity, respectively ([Figure 4a](#fig4){ref-type="fig"}).

### VgrG linked effectors

Downstream *vgrG1* and *vgrG2* in the K1 and K2 clusters, respectively, putative effector genes, *tke2* and *tke4*, and EagR adaptor genes, *eagR1a*-*eagR1b* and *eagR2*, were found ([Figures 1c and d](#fig1){ref-type="fig"}). Tke2 and Tke4 proteins share a similar structure, both containing an N-terminal PAAR motif ([@bib18]; [@bib87]) and a conserved Rhs domain ([@bib16]) limited by specific RVxxxxxxxxG and PxxxxDPxGL motifs ([Figures 4a and b](#fig4){ref-type="fig"}). PAAR proteins have been shown to be located at the tip of the VgrG trimer, sharpening the T6SS spike and/or creating an interface for T6SS effectors and adaptors ([@bib101]). The C-terminal region of Tke2 or Tke4 (110 and 102 amino acid long, respectively) carries a cytotoxic domain. This domain is similar in both proteins and belongs to the HNH superfamily of nucleases, for example, colicin E7 and pyocin S1 ([Figures 4a](#fig4){ref-type="fig"} and [5a](#fig5){ref-type="fig"}; [@bib47]), although Tke4 domain contains a specific SHH signature ([Figures 4a](#fig4){ref-type="fig"} and [5b](#fig5){ref-type="fig"}). Genes encoding putative effectors were also found downstream *vgrG3*, *vgrG4* and *vgrG5* ([Figures 1d and e](#fig1){ref-type="fig"}). The *tke5* and *tke9* genes within the K3 and *vgrG4* operons, respectively, are linked to genes encoding Tap adaptors (*tap3* and *tap4*; [Figures 1d and e](#fig1){ref-type="fig"}). No recognizable features were found in Tke5 or Tke9, except for a conserved N-terminal MIX motif considered a marker for T6SS effectors ([@bib83]; [Figures 4a and c](#fig4){ref-type="fig"}). This motif is also present in the effector-encoded downstream *vgrG5*, Tke10, which is predicted to be a restriction endonuclease ([Figures 1e](#fig1){ref-type="fig"} and [4c](#fig4){ref-type="fig"}). In addition, *tke5* and *tke10* are linked to genes encoding a PAAR-motif (named *tsp* for *type six paar*; *tsp5* and *tsp10*; [Figures 1d, e](#fig1){ref-type="fig"} and [4b](#fig4){ref-type="fig"}, and [Supplementary Table S6](#sup1){ref-type="supplementary-material"}).

### Effectors encoded in proximity to *hcp* genes

The potential effector genes *tke6*, *tke7* and *tke8* were found within or in the vicinity of the three *hcp* orphan operons (*hcp4*, *hcp5* and *hcp6*; [Figure 1e](#fig1){ref-type="fig"} and [Supplementary Table S6](#sup1){ref-type="supplementary-material"}). These effectors have similarities with pore-forming colicins (that is, colicin S4; [Figures 4a](#fig4){ref-type="fig"} and [5c](#fig5){ref-type="fig"}, and [Supplementary Table S6](#sup1){ref-type="supplementary-material"}). The *tke7* and *tke8* genes are not genetically associated with *vgrG* or T6SS adaptor genes. These *hcp*-linked T6SS effectors could be delivered by docking into the lumen of the Hcp ring, instead of being attached at the VgrG tip, as observed with the *P. aeruginosa* Tse2 effector ([@bib88]). In contrast to *tke7* and *tke8*, *tke6* is not located within the *hcp* operon but 5 kb upstream of the *hcp4* gene. Interestingly, *hcp4* has a premature stop codon and might not be functional ([Figure 1e](#fig1){ref-type="fig"} and [Supplementary Table S6](#sup1){ref-type="supplementary-material"}), whereas Tke6 has an N-terminal PAAR domain ([Figures 4a and b](#fig4){ref-type="fig"}). Thus, in contrast to Tke7 and Tke8 that lack PAAR or MIX domains, the delivery of Tke6 could be mediated by a VgrG protein through a PAAR-VgrG interaction.

### Orphan effectors

We found two additional potential EI pairs (*tke1-tki1* and *tke3-tki3*) within the K1-T6SS cluster, both lacking PAAR or MIX motifs. Tke1 is an ortholog of the *P. aeruginosa* Tse6, which presents a C-terminal region carrying a toxic domain known as Toxin_61 ([Figure 4a](#fig4){ref-type="fig"} and [Supplementary Figure S2a](#sup1){ref-type="supplementary-material"}; [@bib38]; [@bib100]) and degrades NAD(P)(+) in target cells ([@bib101]). In case of Tke3, a Phyre2 analysis suggests that the C-terminal domain resembles the B30.2 fragment from the human protein TRIM20 ([@bib96]; [Supplementary Figure S2b](#sup1){ref-type="supplementary-material"} and [Supplementary Table S4](#sup1){ref-type="supplementary-material"}).

In summary, we identified 10 potential T6SS effectors in the KT2440 genome. Three of them Tke2, Tke4 and Tke6 have an N-terminal PAAR domain ([Figures 4a and b](#fig4){ref-type="fig"}) and are therefore considered 'specialized\' effectors. The others are not fused to any T6SS component and their domain architecture suggests they are 'cargo\' effectors.

Tke2/Tki2 is a *P. putida* K1-T6SS effector/immunity pair
---------------------------------------------------------

We have shown that the K1 system is functional, and that the corresponding gene cluster encodes several EI pairs including Tke2/Tki2 ([Figures 1c](#fig1){ref-type="fig"}, [4a](#fig4){ref-type="fig"} and [5a](#fig5){ref-type="fig"}, and [Supplementary Table S4](#sup1){ref-type="supplementary-material"}). To assess the functionality of this EI pair, the *tke2* and *tki2* genes were cloned into compatible plasmids and transformed into *E. coli* K12. Expression was induced by the addition of isopropyl β-[D]{.smallcaps}-1-thiogalactopyranoside (*tke2*) or arabinose (*tki2*). On induction of the effector gene *tke2*, *E. coli* growth was significantly impaired ([Figures 6a and b](#fig6){ref-type="fig"}) but growth could readily be rescued on co-expression of the putative Tki2 immunity protein ([Figures 6a and b](#fig6){ref-type="fig"}). This suggests that Tke2/Tki2 is a genuine EI pair.

We assessed whether Tke2 is secreted in a K1-T6SS-dependent manner. The corresponding gene was replaced on the KT2440 chromosome with a version encoding a C-terminally V5-tagged protein. However, Tke2-V5 production was only weakly detected when using this strain ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). In contrast to bacterial killing, which is a highly sensitive assay, detection of secreted T6SS toxins by western blot may need higher level of T6SS expression ([@bib22]). It has been described in other bacteria that several global regulators are involved in T6SS expression, including the alternative sigma factor RpoN ([@bib10], [@bib9]; [@bib85]). The *tke2-V5* chimeric gene was introduced into an *rpoN* mutant and in this strain Tke2 production was considerably increased as compared with the wild-type *P. putida* ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). We thus used this genetic background to analyze Tke2 secretion. Tke2 was produced in both the *rpoN* strain and the isogenic T6SS mutant (*rpoN*Δ*tssA1*), but was only found in the supernatant of the strain with an intact T6SS ([Figure 6c](#fig6){ref-type="fig"}). Our results show that Tke2 is an effector of the K1-T6SS and its activity is antagonized by the Tki2 immunity protein.

*P. putida* outcompetes plant pathogens in a T6SS-dependent manner
------------------------------------------------------------------

*P. putida* is an efficient biocontrol agent ([@bib3]; [@bib94]) and we hypothesized that it uses the T6SS to kill ecologically relevant competitors. To test this we selected four plant pathogens, *P. syringae*, *X. campestris*, *Pectobacterium carotovorum* and *Agrobacterium tumefaciens*, which are leading causes of deadly diseases in several economically important crops ([@bib65]). The various T6SSs are likely to be differentially expressed *in vitro*, *in vivo*, *in planta* or in the presence of different competitors ([@bib64]). To assess whether the T6SS in general is required for outcompeting plant pathogens and thus involve in plant protection we used a triple T6SS mutant (Δ*tssA1*Δ*tssM2*Δ*tssM3*, also named ΔT6SS), so that none of the K1, K2 or K3 system is at play. First, a competition assay between KT2440 or the triple mutant and the phytopathogens was performed. The *P. putida* wild-type strain caused a 10-fold decrease in survival of *A. tumefaciens* and *P. caratovorum*, and a 1000-fold decrease in the survival of *X. campestris* and *P. syringae* ([Figure 7](#fig7){ref-type="fig"}). The *P. putida* T6SS mutant had barely any impact on the survival of any of these bacteria ([Figure 7](#fig7){ref-type="fig"}). Our results indicate that KT2440 outcompetes all challenged phytopathogens in a T6SS-dependent manner and suggest a role for this secretion system in biocontrol.

T6SS-active *P. putida* protects plants from pathogen\'s attack
---------------------------------------------------------------

To assess the ability of *P. putida* to kill phytopathogens in an ecologically relevant set-up, we developed an *in planta* competition assay. We selected *X. campestris* as the pathogen and *N. benthamiana* as the plant model. Leaves were co-infected with *X. campestris* and either *P. putida* wild type or the isogenic ΔT6SS mutant. *X. campestris* was tagged with a green fluorescent protein to monitor *in situ* colonization. *X. campestris-*induced halos of necrosis on the leaves were observed 5 days post infection, whereas inoculation with *P. putida* resulted in healthy-looking leaves ([Figure 8a](#fig8){ref-type="fig"}). Remarkably, co-infiltration of *X. campestris* and *P. putida* wild-type strain considerably reduced the necrotic areas produced by *X. campestris* (circled in [Figure 8b](#fig8){ref-type="fig"} lower panel). This is not observable with the *P. putida* ΔT6SS mutant and we concluded that interference with *X. campestris* colonization is T6SS dependent ([Figure 8b](#fig8){ref-type="fig"}). The protection conferred by *P. putida* is due to reduced survival of *X. campestris* in the leaves (\~2.5-fold reduction), as qualitatively observed by fluorescence microscopy ([Figure 8b](#fig8){ref-type="fig"} upper panel) and quantitatively measured by colony-forming unit counting ([Figure 8c](#fig8){ref-type="fig"}). Our results show that *P. putida* outcompetes *X. campestris* during plant colonization and this process involves the bactericidal properties of the T6SS.

Discussion
==========

The T6SS was discovered in the bacterial pathogens *V. cholerae* ([@bib77]) and *P. aeruginosa* ([@bib72]). Since then, an increasing number of studies has provided details on the function and structure of this original bacterial secretion system ([@bib81]; [@bib105]; [@bib22]; [@bib41]). However, although the presence of the T6SS in non-pathogenic strains is evident ([@bib13]), little work has been done to understand its relevance in this category of bacteria ([@bib11]; [@bib72]; [@bib77]; [@bib4]).

Phylogeny and genetic structure of the *P. putida* T6SS clusters
----------------------------------------------------------------

In this study we have identified a total of 66 T6SS clusters among *P. putida* strains, which suggests that this secretion machine has an important role in *P. putida* physiology and fitness. The *P. putida* T6SS clusters clade within three phylogenetic groups, group 1.2, 2 or 4B ([Figure 2](#fig2){ref-type="fig"}). Remarkably, *P. putida* is the only *Pseudomonas* species encoding T6SSs from group 1.2, whereas T6SSs from group 4B are only present in *P. putida* and *P. syringae* ([@bib6]). The *P. putida* KT2440 strain contains two clusters from group 1.2 (K2 and K3) and one cluster from group 4B (K1). The K2-T6SS cluster contains two *orf*s, *vgrG2* and *tssC2*, which present premature stop codons ([Supplementary Table S5](#sup1){ref-type="supplementary-material"}), implying that this system is not functional. Prematurely interrupted T6SS genes have been identified in functional T6SSs of *Citrobacter rodentium* and *Yersinia pseudotuberculosis* ([@bib36]). In these cases, a transcriptional frameshifting caused by a poly-A tract allows the production of functional TssM variants ([@bib36]). However, this is unlikely to be the case in KT2440, as poly-A tracts are not found either in *tssC2* or in *vgrG2*. Alternatively, related VgrGs (that is, VgrG3, VgrG4 and VgrG5; [Supplementary Figure S4](#sup1){ref-type="supplementary-material"}) and TssC proteins (that is, TssC3; [Supplementary Table S5](#sup1){ref-type="supplementary-material"}) could be shared between different T6SSs.

The K2 and K3 clusters do not encode a ClpV protein, the ATPase responsible for disassembling the T6SS sheath. Yet, orphan *clpV* genes can be used. There are three Clp ATPase-encoding genes in the KT2440 genome (that is, *PP0625*, *PP3316* and *PP4008*), but none encodes a protein from the ClpV family ([Supplementary Figure S5](#sup1){ref-type="supplementary-material"}). They are ClpA and ClpB members, which are phylogenetically distant from ClpV ([@bib86]). Alternatively, the ClpV1 component within the K1 cluster could be shared between the systems but possibly a ClpV component may not be necessary for the function of the group 1.2 T6SS, as some *P. putida* strains (that is, S12, B001, SJ3 and S610) exclusively contain a group 1.2 cluster ([Supplementary Table S3](#sup1){ref-type="supplementary-material"}). In fact, functional T6SSs lacking the *clpV* gene have been identified in other bacteria ([@bib21]; [@bib14]). Furthermore, the *clpV* gene of *V. cholerae* can be deleted without a total loss of T6SS function ([@bib104]). After all, other nanomachines structurally comparable to the T6SS such as the contractile-tailed phages or R-type pyocins, do not use a ClpV homolog for their function. Instead, recently discovered phage-like protein translocation structures are encoded within gene clusters that also carry a *clpV* homolog ([@bib55]). This type of structure may have evolved divergently with some of the T6SS subgroups and acquired ClpV from ancestral systems.

Antibacterial activity of the *P. putida* KT2440 T6SS
-----------------------------------------------------

The main role of the T6SS is to inject effectors into eukaryotic or prokaryotic prey cells ([@bib2]; [@bib41]). We identified an impressive battery of 10 potential T6SS effectors in *P. putida* KT2440. This is not unique but suggests that *P. putida* is primed to fight a wide range of competing organisms. At least three EI pairs are encoded within the K1-T6SS cluster (that is, *tke1-tki1*, *tke2-tki2* and *tke3-tki3*), which belongs to the uncharacterized plant-related group (group 4B, [Figure 2](#fig2){ref-type="fig"}). A remarkable characteristic of the system is the presence of a conserved accessory gene, *tagX*, systematically absent from other T6SS groups and which is a hallmark for group 4B systems. Here we show that suitable preys for the K1-T6SS are bacterial cells, and that the Tke2 toxin contributes to the antibacterial activity. Tke2 contains a canonical Rhs-effector domain organization, which includes an N-terminal PAAR motif, a central domain of conserved Rhs-repeats and a C-terminal toxic domain. Although the function of the Rhs domain is still unknown, it has been suggested that it forms a shell structure that encapsulates the C-terminal region of effectors ([@bib16]; [Supplementary Figure S6](#sup1){ref-type="supplementary-material"}). Furthermore, a specific adaptor named EagR (after 'effector-associated gene\') that contains the DUF1795 domain, has been involved in the secretion of PAAR/Rhs effectors ([@bib1]). Two different proteins containing DUF1795 domains are encoded immediately upstream *tke2* (*eagR1a* and *eagR1b*, [Figure 1c](#fig1){ref-type="fig"}). Although the function of these adaptors has not been analyzed yet, it is possible that both function together to assist Tke2 secretion. The recurrent association between PAAR/Rhs effectors and EagR adaptors is furthermore confirmed by the association of *tke4*, encoding another *P. putida* PAAR/Rhs effector ([Figures 1c](#fig1){ref-type="fig"} and [4a](#fig4){ref-type="fig"}, and [Supplementary Figure S6](#sup1){ref-type="supplementary-material"}), with an *eagR* gene (*eagR2*).

Biocontrol properties of the *P. putida* T6SS
---------------------------------------------

It is becoming increasingly obvious that the antimicrobial properties of the T6SS could be instrumental for the control of polymicrobial populations in excluding foes from natural and ecologically relevant environments. For instance, a clear correlation between activation of T6SS, enhanced fitness and subsequent antagonism against other bacteria has been observed with *Vibrio parahaemolyticus* in marine niches ([@bib82]). This suggested that T6SSs are key for survival and persistence of specialized species in specific habitats. In the lungs of cystic fibrosis patients, *P. aeruginosa* can persist for years, while the diversity of species that primarily colonizes this environment decreases over time ([@bib67]). *P. aeruginosa* isolates from cystic fibrosis patients have highly active T6SSs ([@bib72]; [@bib71]), which suggests that T6SSs contribute to the colonization advantage of *P. aeruginosa* over other species. In agreement with these observations, the T6SS has been proposed to be crucial in the establishment/evolution of the gut microbiome ([@bib80]; [@bib23]). Half of the human-associated Bacteroidetes, the dominant phyla in the human gut, not only encode T6SSs ([@bib25]) and possess a wide range of T6SS effectors ([@bib19]) but accumulate immunity genes against other T6SS effectors ([@bib99]). This strongly supports that T6SS is a selective mechanism involved in the establishment of gut communities. These remarkable properties of the T6SS are obviously useful in the development of biocontrol strains. The T6SS was originally discovered in *Rhizobium leguminosarum* and involved in pea nodulation ([@bib11]), but barely any studies have demonstrated the potential that such system may have in the context of the plant microbiome. A parallel can be made between the gut and the rhizosphere, as both are eukaryotic-based environments hosting a symbiotic relationship with a complex microbial community ([@bib90]). Both animals and plants depend on their microbiome to protect themselves against pathogens and to help assimilate necessary nutrients ([@bib17]; [@bib42]; [@bib43]). As a defence strategy, many plant species promote the development of a specific microbiome in the rhizosphere, which has antagonistic activity against soil-borne pathogens ([@bib24]; [@bib98]; [@bib57]). Although the mechanisms for pathogen suppression are not completely understood, they include the production of bioactive metabolites such as antibiotics, bacteriocins and siderophores ([@bib97]). However, these mechanisms fail to account for the full level of protection conferred by the biocontrol organism ([@bib68]). Here we report for the first time that the T6SS might be a primary mechanism for phytopathogen control. Indeed, we demonstrate that the crop protection agent *P. putida* KT2440 readily outcompetes a panel of economically important phytopathogens and that the efficient destruction of the pest is mostly T6SS dependent. This property can likely be transferred to the field, as this effect was observed *in vitro* but also *in vivo* by demonstrating that *P. putida* protects plant leaves from the deleterious effect of *X. campestris*.

In our study we have used a laboratory setup and further trials in crop plants are needed so that in-depth investigation of the impact of KT2440 in the rhizosphere can be assessed. Nevertheless, our finding shows that the T6SS can be used by environmental strains to protect plants from the attack of bacterial pathogens and can thus be considered as a plant health warden. This opens new possibilities in the selection of biocontrol agents used for biotechnological applications. Noticeably, the poor specificity of the T6SS ([@bib46]) may allow such biocontrol organism to also fight eukaryotic pathogens belonging to different kingdoms including nematodes and fungi.

We thank Milagros Lopez (IVIA, Spain) for providing *X. campestris* and *P. carotovorum*, Martin Buck (Imperial College London, UK) for *P. syringae* and Ehr Min Lai (Academia Sinica, Taiwan) for *A. tumefaciens* and the pRL662-gpf. We thank Tom Wood for kindly providing the T6SS scheme shown in [Figure 1a](#fig1){ref-type="fig"}. PB is supported by the Spanish Ministry of Economy through Juan de la Cierva grant (JCI-2010-06615), by the Andalusian Knowledge Agency through a Talent Hub grant (TAHUB-010) and by an EMBO short-term fellowship. MAL is supported by the Spanish Ministry of Economy through a Ramon&Cajal grant (RYC2011-08874). AF is supported by a BBSRC grant (BB/N002539/1). LA is supported by a BBSRC grant (BB/N002539/1) and a Marie curie Fellowship (PIIF-GA-2012-328261).

[Supplementary Information](#sup1){ref-type="supplementary-material"} accompanies this paper on The ISME Journal website (http://www.nature.com/ismej)

The authors declare no conflict of interest.

Supplementary Material {#sup1}
======================

###### 

Click here for additional data file.

###### 

Click here for additional data file.

###### 

Click here for additional data file.

###### 

Click here for additional data file.

###### 

Click here for additional data file.

###### 

Click here for additional data file.

###### 

Click here for additional data file.

###### 

Click here for additional data file.

###### 

Click here for additional data file.

###### 

Click here for additional data file.

###### 

Click here for additional data file.

###### 

Click here for additional data file.

###### 

Click here for additional data file.

![T6SS clusters in *P. putida* KT2440. (**a**) Schematic representation of the T6SS structure. (**b**) Distribution of the K1-, K2- and K3-T6SS clusters (blue), and the *vgrG* (yellow) and *hcp* (purple) genes in the KT2440 genome. (**c**--**e**) Genomic organization of the *P. putida* T6SSs cluster, including K1 (**c**), K2 and K3 (**d**) or the *vgrG* and *hcp* orphan clusters (**e**). The color code of the genes correlates with the color code shown in **a**. The asterisk (\*) in the *tssC2*, *vgrG2* and *hcp4* genes indicates that these genes contain premature stop codons.](ismej2016169f1){#fig1}

![Phylogenetic distribution of T6SS clusters in *P. putida* species. Maximum likelihood tree with 1000 bootstrap replicates were built with Mega 6 for the core component protein TssB. T6SS cluster nomenclature ([@bib13]; [@bib6]) is used to show the major phylogenetic clusters. Three main groups are clearly distinguishable: group 1.2 (green), group 2 (red) and group 4B (blue). *P. aeruginosa* and *A. tumefaciens* T6SSs loci are included into the phylogenetic tree to illustrate all the subgroups: 1.1 (*P. aeruginosa* H2), 1.2 (*P. putida* K2-K3), 2 (*P. putida* W619), 3 (*P. aeruginosa* H1), 4A (*P. aeruginosa* H3), 4B (*P. putida* K1) and 5 (*A. tumefacines*).](ismej2016169f2){#fig2}

![Functionality of the *P. putida* K1-T6SS. (**a**) Production and secretion of Hcp1 in the *P. putida* KT2440 wild type and the Δ*tssA1* mutant strains. The HA-tagged Hcp1 protein was detected by western blot analysis using an anti-HA antibody. Detection of the β-subunit of the RNA polymerase (β-RNAP) was used as control. The position of the molecular size marker (in kDa) is indicated. (**b**) Competition assay between *P. putida* and a *lacZ*-encoding *E. coli* strain. Blue patches on X-gal-containing LB plates indicate *E. coli* survival. The top row shows the growth of *E. coli*, *P. putida* KT2440 wild-type strain and a battery of *P. putida* mutants in K1-T6SS genes. The bottom row shows the growth of mixed *E. coli*/*P. putida* cultures after 5 h of co-incubation.](ismej2016169f3){#fig3}

![*P. putida* KT2440 T6SS effectors. (**a**) The domain organization of the putative effectors is shown, with PAAR motifs indicated in orange, MIX motifs in blue, Rhs domains in green, HNH nuclease motifs (Tox-HNH and Tox-SHH) in purple, colicin motifs in yellow and the Tox-61 domain in pink. Multiple sequence alignments of the PAAR (**b**) and MIX (**c**) protein motifs are represented. The KT2440 T6SS effectors identified in this work are indicated in blue. The sequence of known T6SS effectors containing these motifs was retrieved from the NCBI database (<http://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml>). Conservation logos of the motifs are indicated above the alignment. Conserved residues are highlighted according to the amino acid characteristic: hydrophobic (black), small (pink), positive (blue), negative (yellow) and polar (purple, light blue, red).](ismej2016169f4){#fig4}

![*P. putida* KT2440 T6SS nucleases. (**a**, **b**) Multiple sequence alignments of the C-terminal domains of Tke2 (**a**) and Tke4 (**b**) effectors (blue) with known proteins of the family (black). Conservation logos of the motifs HNH (**a**) and SHH (**b**) are indicated above the alignment. Conserved residues are indicated with the color code used in [Figure 4](#fig4){ref-type="fig"}. A representation of the structural model of the C-terminal domain of the Tke2 effector (magenta) superimposed on the colicin E7 structure (blue; PDB: 2JB0) is shown on the right of **a**. Side chains of the active site residues are shown. (**c**) Multiple sequence alignment of T6SS colicin effectors (blue) with known proteins of the family (black). The secondary structure prediction (ssp) for effector Tke7 is shown above the alignment. A structural alignment of the Tke7 effector model (magenta) with the colicin S4 (blue, PDB: 3FEW) is shown on the right.](ismej2016169f5){#fig5}

![Toxicity and secretion of the Tke2 effector. (**a**) The growth of *E. coli* K12 cells harboring the pTke2-CT and pTki2 plasmids containing the C-terminal toxin domain of the *tke2* effector and the *tki2* immunity genes, respectively, was determined by measuring the OD at 600 nm. At time zero, either 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) and/or 0.02% (w/v) arabinose were added to the LB medium, to induce expression of the *tke2-CT* or/and *tki2* genes, respectively. (**b**) Western blot analyses using an anti-V5 or anti-HA monoclonal antibody to detect the Tke2-CT-V5 or Tki2-HA-tagged proteins. Proteins were prepared from *E. coli* K12 cells grown during 10 h in presence (+) or absence (−) of 1 mM IPTG and/or 0.02% (w/v) arabinose. (**c**) The indicated *P. putida* KT2440 strains bearing a *tke2*-V5-tagged gene were grown in tryptone soya broth (TSB) medium for 5 h. Tke2-V5 was detected in the whole cell and supernatant fractions using a monoclonal anti-V5 antibody. Detection of the β-subunit of the RNA polymerase (β-RNAP) was used as control. The position of the molecular size marker (in kDa) is indicated.](ismej2016169f6){#fig6}

![Bactericidal activity of *P. putida* KT2440 against a panel of phytopathogens. *X. campestris*, *A. tumefaciens*, *P. carotovorum* and *P. syringae pv. tomato* strains harbor the pRL662-*gfp* plasmid that confers gentamycin resistance. The *P. putida* KT2440 wild type (WT) and its isogenic Δ*tssA1*Δ*tssM2*Δ*tssM3* triple mutant (ΔT6SS) were co-incubated with the phytopathogens for 24 h. Colony-forming unit (CFU) quantifications were performed on gentamycin selection. The average±s.d. from at least three biological replicates is plotted.](ismej2016169f7){#fig7}

![*In planta* competition assay between the biocontrol strain *P. putida* KT2440 and the phytopathogen *X. campestris*. (**a**) Leaves of *N. benthamiana* 24 h (upper panel) and 5 days (lower panel) after being infiltrated with *X. campestris* (pRL662-*gfp*; expressing a plasmid-encoded green fluorescence protein), the *P. putida* KT2440 wild type (WT), or its isogenic Δ*tssA1*Δ*tssM2*Δ*tssM3* triple mutant (ΔT6SS). (**b**) Leaves of *N. benthamiana* 24 h (upper panel) and 5 days (lower panel) after co-infiltration of *X. campestris* (pRL662-*gfp*) with the indicated *P. putida* strain. In upper panel **a** and **b**, the leaves were visualized by fluorescence microscopy using a Leica M205FA stereomicroscope. The necrotic areas resulting from *X. campestris* infection are marked. The deep brown zone of necrosis is spread on a large portion of the leave (right panel), while such spread is far more restricted when the phytopathogen is co-inoculated with a T6SS positive *P. putida* strain (left panel). (**c**) Quantification of *X. campestris* (pRL662-*gfp*) colony-forming units (CFUs) recovered from *N. benthamiana* leaves after 24 h of co-infiltration with the indicated *P. putida* strain. *X. campestris* CFU were quantified after gentamycin (Gm) selection. Graphs represent mean +s.d., of at least five biological replicates with two technical replicates per experiment, statistical significance is indicated *t*-test *P*\<0.001.](ismej2016169f8){#fig8}
